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A B S T R A C T

Facies models of the internal fills of incised valleys developed in shelf and coastal settings during cycles of
relative sea-level change are largely conceptual, descriptive and qualitative in form; moreover, they are com-
monly bespoke to individual examples. Here, a database-driven quantitative statistical analysis of 87 late-
Quaternary incised-valley fills (IVFs) has been undertaken to assess the general validity and predictive value of
classical facies models for IVFs, and to investigate the relative importance of possible controls on their strati-
graphic organization. Based on datasets from the published literature stored in a sedimentological database, the
geometry and proportion of systems tracts, and of architectural elements of different hierarchies within IVFs are
quantified. These variables were analysed to assess how they vary in relation to parameters that represent
potential controlling factors: relative sea-level stage, continental-margin type, drainage-basin area, valley geo-
metry, basin physiography and shoreline hydrodynamics.

The stratigraphic organization of the studied coastal-plain IVFs is generally consistent with that represented
in facies models, the primary control being the rate and magnitude of relative sea-level change. However, results
from this study demonstrate significant variability in the stratigraphic architectures of IVFs, which is not ac-
counted for by existing models. Variations in the facies architecture of coastal-plain and cross-shelf valley fills
can be attributed to controls other than sea level, and expressed in relationships with continental-margin type,
basin physiography, catchment area, river-system size and shoreline hydrodynamics. The following primary
findings arise from this research. (i) Compared to their counterparts on passive margins, coastal-plain IVFs
hosted on active margins contain, on average, a higher proportion of fluvial deposits and a lower proportion of
central-basin estuarine deposits; estuarine deposits tend however to be thicker. This suggests a control on IVF
stratigraphic architecture exerted by distinct characteristics of the tectonic setting of the host continental
margins, notably basin physiography, rates and mode of sediment supply, and nature of sediment load. (ii) The
thickness and proportion of lowstand systems tract are positively correlated with coastal-plain IVF dimensions,
likely reflecting the role of drainage-basin area in dictating the scale of the fluvial systems that carved and
infilled the valleys. (iii) Positive correlations are observed between the thickness of fluvial deposits, bayhead-
delta deposits and central-basin estuarine deposits, versus coastal-plain IVF dimensions and valley catchment
area. This suggests a control exerted by the river-system scale on sediment-supply rates and on the accom-
modation determined by valley size. (iv) Positive correlations between the thickness and proportion of barrier-
complex deposits within cross-shelf IVFs versus mean shelf gradient indicate that the geometry of the shelf might
control the establishment and preservation of barrier-island environments in incised valleys located on the shelf.
(v) Correlations between the width of coastal-plain IVFs and present-day mean tidal range at the shoreline
indicate that tidal dynamics may contribute to the widening of the incised valleys. Positive correlation is ob-
served between the proportion of tide-dominated elements in highstand IVF deposits and IVF width, suggesting
possible effects of interplays between hydrodynamic conditions and the geometry of incised valleys on their
infills.

This study highlights the complexity of the internal fills of incised valleys, which must be considered when
attempting the application of facies models of IVFs to rock-record interpretations or as predictive tools in
subsurface studies.
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1. Introduction

Incised valleys are fluvially eroded, elongate palaeotopographic
lows developed in shelf and coastal settings during episodes of relative
sea-level fall, and subsequently inundated, infilled and reworked by
fluvial, coastal and marine processes during sea-level rise (Posamentier
and Allen, 1999; Dalrymple and Zaitlin, 1994; Blum et al., 2013). The
fills of incised valleys represent critical stratigraphic archives of en-
vironmental change in coastal regions, in response to changes in sea
level and climate. They are especially important in this regard as ad-
jacent shelf areas commonly store a less complete sedimentary record
because of physical reworking and/or sediment starvation (Boyd et al.,
2006; Simms et al., 2010; Mattheus and Rodriguez, 2011). For this
reason, the fills of incised valleys have also been the subject of detailed
sequence stratigraphic analyses (e.g., Lin et al., 2005; Dalrymple, 2006;
Chaumillon et al., 2010). Additionally, valley infills are important hy-
drocarbon reservoir targets and they also serve as reference for ex-
ploration of downdip deep-marine sands (Dalrymple et al., 1994;
Shanley and McCabe, 1994; Dalrymple and Zaitlin, 1994; Blum et al.,
2013). Therefore, predictions of the internal sedimentary architecture
of valley infills are desirable in subsurface characterization and hy-
drocarbon exploration workflows (e.g., Hampson et al., 1999; Stephen
and Dalrymple, 2002; Bowen and Weimer, 2003; Salem et al., 2005).
Furthermore, in many present-day settings, estuaries and rias that
commonly develop at the mouths of incised valleys during sea-level
rise, accommodate large and dense human populations and constitute
fragile coastal settings of primary economic and ecological importance
(Kennish, 1991; Chaumillon et al., 2010; Zhang et al., 2014;
Marlianingrum et al., 2019).

Given the scientific, economic and ecological importance of incised-
valley fills (IVFs), extensive research has been undertaken to char-
acterise their stratigraphic organization (e.g., Roy, 1984; Dalrymple
et al., 1992; Allen and Posamentier, 1993, 1994b; Dalrymple and
Zaitlin, 1994; Boyd et al., 2006; Blum et al., 2013). Widely adopted
models of coastal-plain incised-valley development and infill
(Dalrymple et al., 1992; Allen and Posamentier, 1994b; Dalrymple and
Zaitlin, 1994) typically envisage three segments: (i) a proximal land-
ward segment mostly occupied by fluvial systems throughout its de-
positional history; (ii) a medial segment recording a drowned-valley
estuarine complex that existed around the time of maximum trans-
gression, overlying a lowstand to transgressive succession of fluvial and
estuarine deposits; and (iii) a seaward segment typically comprising
basal fluvial deposits overlain by estuarine deposits and capped by fully
marine deposits. Considerable prior research has focussed on the ana-
lysis of individual case-study examples whereby comparisons are made
between the internal fills of individual incised valleys and the general
stratigraphic organization of incised-valley fills depicted by the above-
mentioned “classical” models. Individual examples have been con-
sidered in detail to document and decipher the relative importance of
distinct controlling factors responsible for sedimentological complexity,
notably sea level, tectonics, sediment supply, antecedent topography
and hydrodynamics. As such, the great majority of current models with
which to account for the internal fills of incised valleys are either be-
spoke to individual case-study examples, else are largely conceptual,
descriptive and qualitative in form.

In this study, a database-driven approach has been taken, the aim
being to quantitatively document and account for the wide variability
in facies architecture present across a large number of globally dis-
tributed incised-valley fills. This approach seeks to assess the general
validity of classical facies models that remain widely employed as
predictive tools, and to investigate the relative importance of possible
controls on the stratigraphic organization of incised-valley fills quan-
titatively. This work is based on a synthesis of 87 late-Quaternary in-
cised-valley fills from the published literature, the majority of which
formed during the last glacio-eustatic cycle. The incised-valley fills
considered in this work only comprise of valley systems carved in

response to relative sea-level falls and infilled by alluvial, transitional
(i.e., paralic) and shallow-marine strata in shelf and coastal-plain set-
tings (Van Wagoner et al., 1990; Boyd et al., 2006; Blum et al., 2013);
inland alluvial valleys are not considered. The studied examples are
representative of different climatic, hydrodynamic and tectonic set-
tings, and are distributed globally. By restricting the scope of in-
vestigation to late-Quaternary examples, the principal controlling fac-
tors that govern valley-fill characteristics – such as the rate and
magnitude of sea-level change, sediment supply, antecedent topo-
graphy, hydrodynamics and tectonics – can be constrained closely. This
is made possible by the widespread availability of large amounts of
published data (e.g., shallow seismic, core logs, dating methods) de-
scribing the late-Quaternary stratigraphic record.

Specific objectives of this work are as follows: (i) to undertake a
comprehensive quantitative analysis of the geometry, spatial relation-
ships, stacking patterns, and lithological heterogeneity of deposits that
form the infill of late-Quaternary incised valleys documented in the
published literature; (ii) to illustrate the variability in sedimentary ar-
chitectures seen in the studied incised-valley fills with respect to facies
models; (iii) to evaluate the relative roles of possible controls in de-
termining the internal fills of incised valleys; and (iv) to present im-
plications of the results for sequence-stratigraphic models and for
subsurface-reservoir prediction and characterization.

2. Methodology

A database approach based on the synthesis of data from 87 late-
Quaternary incised-valley fills is utilized. Data on the sedimentology of
these incised-valley fills are included in a relational database, the
Shallow-Marine Architecture Knowledge Store (SMAKS; Colombera
et al., 2016). SMAKS stores data on the sedimentary architecture and
geomorphic organization of shallow-marine and paralic siliciclastic
depositional systems; it includes quantitative and qualitative data on
geological entities of different types (e.g., facies, architectural ele-
ments), and on their associated depositional systems, themselves clas-
sified on multiple parameters (e.g., shelf width, delta catchment area)
and metadata (e.g., data types, data sources).

Of the 87 late-Quaternary incised-valley fills considered in this
study, 85 developed during the last glacial–interglacial cycle (LGC);
two are of pre-LGC age. The primary data have been derived from 77
published literature sources. A detailed account of the case studies in-
cluded in this work, their associated bibliographic references and the
types of data used in each is reported in Table 1; the location of the
studied incised-valley fills is shown in Fig. 1. Here, an individual case
study refers to either a group of genetically related incised-valley fills
(occurring on the same continental shelf or coastal plain) or to a single
incised-valley fill. This work does not cover all incised-valley fills
documented in the scientific literature. The chosen IVFs were selected
based on the availability of data that were suited to the scopes of this
study. Importantly, only valley fills that represent single cycles of in-
cision and fill are included in the database; compound valley fills that
represent multiple episodes of incisions and fills, associated with dif-
ferent eustatic cycles were excluded (cf. Korus et al., 2008). IVFs from
present-day high-latitude regions, which are likely to have recorded
periglacial and paraglacial processes, were also not included. Yet, the
database was compiled trying to avoid geographical bias and at-
tempting to make the comparative study as global and wide-reaching as
possible. For the studied examples, investigations of the internal fills of
valleys developed in coastal-plain settings are generally based on sev-
eral 1D cores and/or 1D well logs. By contrast, studies based on cross-
shelf valley fills tend to be based on 2D or 3D high-resolution seismic
data, in some cases calibrated by cores.

The relative importance of different controls on the internal fills of
incised valleys has been interpreted from (i) comparison of descriptive
statistics and associated statistical tests, and (ii) determination of cor-
relation between variables. In this work, the database output comprises
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the following: (i) estimations of the absolute proportion of systems
tracts within incised-valley fills, computed as systems tract-to-valley-fill
thickness ratio; (ii) the relative proportion of architectural elements
preserved in different systems tracts within valley fills; (iii) the relative
proportion of architectural elements within valley fills; and (iv) the
geometry of these sedimentary bodies.

2.1. Scope of investigation

Large variations in IVF architecture and geometry exist along the
dip profile of incised-valley systems (Dalrymple et al., 1992; Dalrymple
and Zaitlin, 1994; Chaumillon et al., 2010; Blum et al., 2013; Strong
and Paola, 2008; Martin et al., 2011; Phillips, 2011). Thus, to enable
meaningful comparisons, measurements should ideally be made at the
same respective location along the valley axis. However, the use of data
from the published literature imposes some limitations to our ability to
refer observations from different IVFs to a common reference system. In
this work, observations are broadly categorized based on the position
where the measurements were made, by classifying the studied valley
fills depending on whether they now occur beneath present-day coastal
plains or on continental shelves (N = 61 and 27, respectively). For
incised-valley fills that sit beneath modern coastal plains, the analyses
have focussed on relationships between the proportion and geometry of
architectural elements that compose them versus continental-margin
type, catchment and river-system size, basin physiography and de-
scriptors of present-day hydrodynamics. For cross-shelf valleys, re-
lationships between shelf gradient versus the proportion and geometry
of certain architectural-element types are specifically investigated in

detail.
In the analysis of properties relating to systems tracts and elements

in incised-valley fills, only lowstand (LST), transgressive (TST) and
highstand (HST) systems tracts are considered; falling-stage systems
tracts (FSST) are discarded for this purpose, even where they are re-
ported as part of the incised-valley fill (N = 3). This was done to con-
form to sequence stratigraphic models (cf. Helland-Hansen and
Martinsen, 1996) that place the sequence boundary at the base of the
LST. However, there are several cases where the deposits contained in
the infill of the IVFs have not been assigned to systems tract, and it is
possible that some of those deposits actually record deposition during
falling stage; if these deposits were reported as contained in the IVF,
they are considered in this study.

2.2. Architectural-element classifications

In the SMAKS database, architectural elements within valley fills are
classified in terms of two alternative schemes (Table 2). Scheme 1
(Fig. 2A) classifies the elements on their interpreted (sub-) environment
of deposition. Based on the interpretations given in the original work,
architectural elements within valley fills are classified as fluvial de-
posits, non-bay delta, bayhead delta, estuarine bay/lagoon, barrier
complex, tidal sand-bar complex, tidal-flat/-channel deposits, near-
shore deposits and open-shelf deposits. The non-bay delta environment
is defined as a deltaic system that is not fully contained within the
confines of the embayment resulting from valley topography (Fig. 2B);
only the parts of non-bay delta deposits that infill the incised valleys are
considered in the analyses. The barrier complex sub-environment is

Fig. 1. (A) Geographic location of late-Quaternary incised-valley fills considered in this work, with inset maps for North America (B), and southern Europe (C). The
numbers on the map correspond to the IDs in Table 1. Base map modified from Ray and Adams (2001).

R. Wang, et al. Earth-Science Reviews 200 (2020) 102988

4



defined as the preserved product of a dynamic set of barrier-island
environments formed by wave and tidal action, such as tidal inlets,
washovers, and flood-tidal deltas; this class includes both spits and
barriers (Dalrymple et al., 1992; Dalrymple and Zaitlin, 1994;
Masselink and Hughes, 2003). In Scheme 2 architectural elements are
classified according to the dominant process regime they record, as

interpreted in the original source work; in-valley architectural elements
are classified as fluvial-, wave- or tide-dominated deposits. In some
cases, certain deposits (e.g., worm-tube reef, prograding wedge) cannot
be classified according to these schemes. However, the schemes
(Table 2) encompass the fundamental architectural-element types as-
sociated with incised-valley fills and can be applied in parallel. For

Table 2
Schemes adopted for the classification of architectural elements within incised-valley fills.

Scheme 1 Scheme 2

fluvial deposits Fluvial channel and floodplain deposits. fluvial Products of deposition dominated by
river currents.

non-bay delta A deltaic system that is not fully contained within the confines of the embayment resulting from
valley topography. Its delta top sits at higher elevation than the valley interfluves, which are
locally buried by the delta, and it infills some relict valley topography during late TST or HST.

wave Products of deposition dominated by
wave action.

bayhead delta Delta at the head of an estuarine bay or lagoon into which a river discharges. tide Products of deposition dominated by
tidal currents.

estuarine bay/lagoon The transition zone between the riverine and the marine environment, where fresh and salt water
mix (cf. Allen, 1991), dominated by clay flocculation. It corresponds to 'central basin'
environment of Dalrymple et al. (1992).

barrier complex Preserved product of a dynamic set of contiguous environments related to barriers or spits (sandy
islands above high tide, parallel to the shore, and separated from the coastal plain by a lagoon or
bay), such as tidal inlets, washovers, flood-tidal deltas (Dalrymple et al., 1992; Zaitlin et al. 1994;
Masselink and Hughes, 2003).

tidal sand-bar complex Preserved product of the evolution of a field of tidal bars (Olariu et al., 2012), which are
commonly formed within a tide-dominated estuary (e.g., Dalrymple and Zaitlin, 1994; Fenies and
Tastet, 1998; Dalrymple et al., 2003) or on the open shelf (e.g., Houbolt, 1968; Berné et al.,
2002).

tidal flat and tidal
channel

Preserved product of deposition in areas of low relief that are alternately exposed and inundated
by astronomical tides (cf. Schwartz, 2005), traversed by tidal channels.

nearshore Bathymetric tract comprised between mean fairweather wave base and mean high water. It
includes ‘shoreface’ and ‘foreshore’ environments of Reading and Collinson (1996).

open shelf deposits Bathymetric tract comprised below the mean fairweather wave base, down to the shelf break. It
includes 'offshore transition' and 'offshore' environments of Reading and Collinson (1996).

Fig. 2. Definition sketch (A) illustrating the classification of in-valley architectural elements by (sub-)environment of deposition used in this work. Modified from
Dalrymple et al. (1992). Inset sketch B depicts idealized sections illustrating the difference between bayhead delta and non-bay delta architectural elements, as
defined in this work, and as would be seen along strike and dip orientations. Non-bay deltas are defined as deltaic systems that are not fully contained within the
confines of the embayment resulting from valley topography; their delta top sits at higher elevation than the valley interfluves, and they infill some relict valley
topography during late TST or HST.
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scopes of analysis and establishment of an audit trail, the classes of
deposits and nomenclatures adopted in the primary data sources are
also recorded, though these are not used in the presentation of the re-
sults.

2.3. Architectural-element geometry and proportion

In SMAKS, incised-valley fills are themselves recorded as higher-
order architectural elements, which act as parent elements to those that
form their infills, i.e., their hierarchal containment is tracked
(Colombera et al., 2016). The measurement of their geometry (Fig. 3A)
follows the approach used by Wang et al. (2019). Incised-valley-fill
thickness is defined as the vertical distance between the valley bottom,
where deepest, and the top of the valley fill or (for underfilled valleys)
the elevation of the interfluves at the valley margins. The term ‘thick-
ness’ is also used to describe the total vertical extent of underfilled
valleys because this parameter is always analysed jointly with the
thickness of filled valleys. The valley-fill width is defined as the hor-
izontal distance between the valley walls, measured perpendicularly to
the valley axis. The valley-fill cross-sectional area is defined as the
vertical cross-sectional area subtended by the valley base and either the
top of the valley fill or the elevation of interfluves (for underfilled
valleys), measured in an orientation perpendicular to the valley axis.
The only geometrical parameter analysed in this study for in-valley
architectural elements is the thickness. Where the 3D geometry of a
certain element is well-constrained (e.g., in high-resolution seismic
data), the largest value of thickness of the element along the valley
reach is taken, otherwise the largest value of thickness in the studied
sample is recorded. Where it is unknown whether the maximum ele-
ment thickness is observed (e.g., in a 1D core or well-log sample), the
thickness is reported as ‘apparent’. Where the base or top of a certain
element, or both, are not seen, the thickness is reported as ‘partial’ or
‘unlimited’ (sensu Geehan and Underwood, 1993; Fig. 3B), respectively.
In statistical analyses of architectural-element thicknesses, only max-
imum values are used: apparent, partial and unlimited observations are
only used for computing element proportions. However, even for this
purpose the use of incomplete thicknesses can introduce error to the
estimations, since certain deposits might preferentially occur at lower
stratigraphic levels, which are commonly undersampled.

Based on their position, architectural elements that form the

incised-valley fills are classified as located beneath present-day coastal
plains or on shelves. The relative proportion of architectural elements
preserved in different systems tracts within valley fills has been com-
puted based on the sum of their thickness in each systems tracts
(Fig. 3D). Similarly, the relative proportion of architectural elements
within valley fills has been computed based on the sum of their thick-
ness within valley fills (Fig. 3D). For overfilled IVFs, only the parts of
architectural elements or systems tracts that are contained within the
incised valleys are considered in the analyses (Fig. 3C). Element pro-
portions have been computed accounting for the fact that in-valley
architectural elements can themselves be nested hierarchically. For
example, flood-tidal-delta deposits may be encapsulated in a barrier-
complex element, or delta-plain deposits may form parts of a non-bay
delta (Fig. 2A). Therefore, elements at different hierarchal levels can be
selectively included or excluded depending on whether they are clas-
sified according to schemes of interest for the scopes of a particular
analysis.

2.4. Attributes on geological boundary conditions

In this work, the datasets are filtered on attributes that describe the
continental-margin type, drainage-basin area, incised-valley-fill di-
mensions, basin physiography and shoreline hydrodynamics. The in-
cised-valley fills are classified on the type of continental margin on
which they are hosted. The drainage-basin area is defined as the area of
the catchments that fed the incised valley at lowstand, landward of the
location where the incised-valley-fill geometry was measured (see
Wang et al., 2019, for details).

2.4.1. Basin physiography
According to the morphometric definitions and map of global dis-

tribution of enclosed and semi-enclosed seas by Healy and Harada
(1991a), the coastal-plain IVFs were classified as located along coast-
lines that either face enclosed/semi-enclosed seas (N = 23) or open
oceans (N = 26). An enclosed or semi-enclosed sea is defined as a sea
that is surrounded by land and that is connected with an ocean or an-
other sea by one or more entrances. For practical purposes, this term is
restricted to features identifiable on a world map of scale 1:15 M to
1:25 M. In agreement with Healy and Harada (1991a), certain gulf re-
gions, including the Gulf of Mexico and the Gulf of Thailand, were

Fig. 3. (A) Incised-valley-fill dimensions (thickness, width and cross-sectional area) and in-valley architectural element thickness measured in the analysis herein. (B)
Classification of in-valley architectural element thickness by type of observation, i.e., as ‘maximum’, ‘apparent’, ‘partial’ and ‘unlimited’ (see text). (C) Schematic
diagrams illustrating the internal fills for underfilled and overfilled incised valleys (Simms et al., 2006). (D) Diagram illustrating the containment of systems tracts in
valley fills, of architectural elements in different systems tracts and of architectural elements in valley fills. For presentation purposes, architectural elements are only
shown as classified on Scheme 1; the same elements can also be classified according to Scheme 2. F = fluvial deposits; BHD = bayhead delta; E = estuarine bay/
lagoon deposits; BX = barrier complex; NBD = non-bay delta.
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classified as enclosed or semi-enclosed seas, whereas others, such as the
Bay of Biscay, were classified as open-ocean settings.

The present-day shelf physiography is used as a proxy for the phy-
siography of the shelf through the evolution of the valley fills (cf. Wang
et al., 2019). Data on shelf width and shelf-break depth are based on the
map by Harris et al. (2014) and the digital bathymetric data from
Becker et al. (2009). The shelf gradient was calculated as the mean
gradient of the shelf between the present-day shoreline and the shelf
break. The database also records whether cross-shelf incised-valley fills
are characterized on the inner or on the outer shelf. The distinction
between inner and outer shelf being made on bathymetry rather than
on process regime: the boundary between inner and outer shelf is ar-
bitrarily placed at the 25-m isobath (cf. Wang et al., 2019).

2.4.2. Present-day shoreline hydrodynamics
Mean tidal range and mean wave height at present-day shorelines

have been recorded for incised-valley systems beneath modern coastal
plains, utilizing digital data from NOAA (2019) and METOCEAN
(2019). Values of mean tidal range and mean wave height may not be
representative of those at the position where the geometry and archi-
tecture of the IVFs were characterized. The duration of tide and wave
measurements varies depending on location. Based on records of mean
tidal range and mean wave height at the shoreline, the present-day
hydrodynamic regime of the coasts (Fig. 4) was classified as tide-
dominated, mixed-energy tide-dominated, mixed-energy wave-domi-
nated, or wave-dominated, according to the classification of Davis and
Hayes (1984). Because hydrodynamic conditions will vary significantly
through a cycle of relative sea-level change (Nordfjord et al., 2006;
Yoshida et al., 2005), this classification is only applied to deposits ac-
cumulated during the present-day highstand and incorporated in the
HST of the incised-valley fills.

2.5. Statistical analyses

Statistical analyses of database outputs have been performed in

Minitab 18 and R (version 3.6.1) (R Core Team, 2019). Statistical
analyses have been undertaken to determine relationships between
continuous variables and to test hypotheses relating to differences in
means or distributions of variables across groups. To quantify linear
and monotonic relationships between pairs of continuous variables,
Pearson or Spearman correlation coefficients (R and r hereafter) are
used respectively; their statistical significance is expressed as P-values
(P hereafter). To determine the statistical significance of differences in
means across populations, a two-sample t-test is used when comparing
two sets of observations, whereas one-way analysis of variance
(ANOVA) is used when comparing three or more sets of observations.
Normality and homoscedasticity of the data were checked before per-
forming these tests, and any variable transformation was applied where
needed. The statistical significance of differences across groups, ex-
pressed as P-values (P), are determined by resulting test statistics (t for
t-tests, F for ANOVA) and the number of degrees of freedom (df here-
after). For distributions that are highly skewed and zero-inflated, such
as distributions of architectural-element proportions, nonparametric
tests are used: the Wilcoxon rank-sum test is used when comparing two
sets of observations, whereas the Kruskal-Wallis test is used when
dealing with three or more groups. The statistical significance of dif-
ferences in the distributions across groups is expressed by P-values. P-
values are compared with significance levels (α hereafter) that equal
0.05 or 0.1, to determine whether the null hypothesis is rejected.

Additionally, principal component analysis and hierarchical cluster
analysis of the variables, were performed on 30 coastal-plain IVFs for
which it was possible to constrain the following eight variables: shelf
width, shelf-break depth, IVF thickness, IVF width, drainage area, mean
wave height, mean tidal range and proportion of fluvial deposits in the
valley fills. These multivariate analyses were undertaken for scopes of
dimensionality reduction and identification of redundancy across
variables. Details, results and discussion of the multivariate analyses are
only included in the Supplementary Information.

Further explanation of the statistical methods used can be found in
Davis et al. (2002).

2.6. Limitations

Some limitations to the current study that are worth highlighting
before any results are presented can be summarized as follows.

1 Potential bias exists because of the difficulty in recognizing
bounding surfaces in 1D datasets. For example, the thickness and
proportion of lowstand fluvial deposits might be over- or under-
estimated due to the difficulty in recognizing the boundary between
lowstand and falling-stage (or older) alluvial units. This type of bias
is a significant source of uncertainty in the assessment of variability
in the proportion of systems tract or elements for coastal-plain IVFs
(section 3.1.1). Additionally, this type of bias might also arise when
assessing the difference between the internal fills of coastal-plain
incised valleys and cross-shelf incised valleys (section 3.1.2) as the
recognition of sequence boundaries relies on different techniques of
investigation in onshore versus offshore settings. In seismic sections,
where sequence boundaries may be readily apparent, lowstand
fluvial deposits tend to be identified more easily, whereas in 1D
datasets based on cores or well logs the thickness of lowstand fluvial
deposits may be over- or underestimated due to their amalgamation
with alluvial deposits of the falling stage or of previous cycles.

2 Relationships between direction and magnitude in relative sea-level
rise and fall and characteristics of IVF architecture could not be
examined in detail. Spatial and temporal variability in sea-level
fluctuations are known to exert a control on IVF architecture
(Thomas and Anderson, 1994; Nichol et al., 1996; Rodriguez et al.,
1999; Hori et al., 2002), and it is therefore likely that some varia-
bility in the data presented in this work is related to the temporal
change in the rate of post-LGM sea-level rise and fall and to

Fig. 4. Plot of mean tidal range versus mean wave height for the present-day
shorelines of the studied coastal-plain valleys (cf. Davis and Hayes, 1984).
WD = wave-dominated; MW= mixed-energy wave-dominated; MT = mixed-
energy tide-dominated; TD = tide-dominated. The numerical labels next to the
spots refer to IDs in Table 1. Data from NOAA (2019) and METOCEAN (2019).
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geographic variations of sea level. Additionally, the valley reaches
studied in the original data sources might have been filled under
different sea-level conditions depending on their positions relative
to the present-day shoreline. A binary distinction between coastal-
plain IVFs and cross-shelf IVFs is therefore necessarily simplistic.

3 Characteristics relating to the shape of incised valleys and to their
variations in shape along their dip extent were not examined.
Previous work (Heap and Nichol, 1997; Rodriguez et al., 2005,
2008) has shown that the shape of incised valleys acts as a con-
trolling factor on IVF architecture; for example, the progressive in-
undation of terraces in terraced IVFs can result in step-wise changes
in accommodation space and in variations of hydrodynamic pro-
cesses, which can influence the valley-fill architecture. It is desirable
to attempt further analysis with additional metrics of valley-shape
variability along dip to consider its potential control on stratigraphic
architectures.

4 Factors relating to the morphology of the bedrock that might be
exposed along the base of incised valleys and to its potential control
on hydrodynamics and resultant sedimentation were not examined.

3. Results

3.1. Valley-fill stratigraphic organization and sea-level control

The sedimentary architecture of incised-valley fills that sit beneath
present-day coastal plains and of those that occur on continental
shelves are expected to differ, particularly with respect to the extent to
which the different systems tracts are preserved in the valley fill, and in
the abundance of architectural-element types and its variation through
systems tracts (Dalrymple et al., 1992; Allen and Posamentier, 1993,
1994b; Zaitlin et al. 1994; Blum et al., 2013). To assess the significance
of these differences, the stratigraphic architecture of coastal-plain
(N = 20) and cross-shelf incised-valley fills (N = 18) is considered se-
parately.

3.1.1. Coastal-plain incised valleys
The ratio between the thickness of deposits belonging to a certain

systems tract in the valley fill and the thickness of the valley fill itself
(‘systems tract-to-valley-fill thickness ratio’, or simply ‘thickness ratio’,
hereafter) is taken as an estimation of the proportion of the systems
tract in the incised-valley fill. The mean thickness ratio (avgTR) of TSTs
in incised-valley fills is significantly higher than that of LSTs or HSTs
(avgTRLST = 0.18; avgTRTST = 0.62; avgTRHST = 0.20; one-way
ANOVA: F(2,57) = 52.42, P-value< 0.001; Fig. 5A). Likewise, the
thickness of TSTs within incised-valley fills is, on average, significantly
larger than that of LST or HST (avgTLST =11.8 m; avgTTST =34.6 m;
avgTHST =11.7 m; one-way ANOVA: F(2,57) = 26.02, P-value<
0.001; Fig. 5B).

For architectural elements accumulated during lowstand times, and
which form LSTs in incised-valley fills, fluvial deposits are the most
abundant (mean proportion: avgP = 0.98, σ= 0.06; Fig. 5C). In TST
valley-fill deposits, estuarine bay/lagoon (avgP = 0.51, σ [standard
deviation] = 0.25) deposits are the most abundant type of elements,
whereas the second most abundant is represented by fluvial deposits
(avgP = 0.20, σ= 0.23). For architectural elements accumulated
during highstand times, and which form HSTs, the type with the largest
average proportion is represented by non-bay deltas, i.e., deltaic sys-
tems that are not fully contained within the confines of the embayment
resulting from valley topography, (avgP = 0.29, σ = 0.41); the second
most abundant type on average is represented by estuarine bay/lagoon
elements (avgP = 0.25, σ = 0.34).

For architectural elements across systems tracts, the mean propor-
tion of fluvial deposits within LST is higher than that within TST or HST
(avgPLST = 0.98, σ= 0.06; avgPTST = 0.2, σ= 0.23; avgPHST = 0.06,
σ= 0.12; Fig. 5C). The mean proportion of estuarine bay/lagoon ele-
ments within TST is higher than that within LST or HST

(avgPLST = 0.00, σ= 0.00; avgPTST = 0.51, σ= 0.25;
avgPHST = 0.25, σ= 0.34). When bayhead-delta and non-bay delta
units are considered jointly, the mean proportion of these deltaic de-
posits within HSTs is higher than that within LSTs or TSTs
(avgPLST = 0.00, σ= 0.00; avgPTST = 0.09, σ= 0.18;
avgPHST = 0.39, σ= 0.38). Differences in the distributions of propor-
tion of fluvial, estuarine bay/lagoon, and deltaic elements across dif-
ferent types of systems tracts are significant at α of 0.05, based on
Kruskal-Wallis test (H = 34.69, P-value< 0.001 for fluvial; H = 24.85,
P-value<0.001 for estuarine bay/lagoon elements; H = 13, P-
value = 0.002 for deltaic elements).

The thickness of fluvial deposits within TSTs is higher on average
than that within LSTs or HSTs (avgTLST =8.44 m, σ=7.58 m; avgTTST

=13.12 m, σ=6.75 m; avgTHST =6.4 m, σ=2.29 m; Fig. 5D). Differ-
ences in the distributions of thickness of fluvial deposits across systems
tracts are significant at α of 0.1 (one-way ANOVA: F(2,50) = 3.09, P-
value = 0.055). Differences in the thickness distributions of bayhead
delta, estuarine bay/lagoon and barrier-complex elements between TST
and HST are not significant, based on two-sample t-tests (t-value =
-0.84, P-value = 0.422, df = 10, for bayhead delta; t-value = -1.5, P-
value = 0.157, df = 14, for estuarine bay/lagoon; t-value = -0.21, P-
value = 0.841, df = 4, for barrier complex).

No significant difference exists between the thickness distributions
for incised-valley fills that contain HST deposits compared to those that
were overfilled and/or ravined during transgressions and do not con-
tain HST deposits (mean value =54.2 m versus 50.9 m; σ =16.2 m
versus 24.2 m; two-sample t-test: t-value = 0.28, P-value = 0.788,
df = 5).

3.1.2. Cross-shelf incised valleys
For systems tracts within incised-valley fills, the mean systems-tract-

to-valley-fill thickness ratio of LSTs or TSTs is significantly higher than
that of HSTs (avgTRLST = 0.36; avgTRTST = 0.55; avgTRHST = 0.08;
one-way ANOVA: F(2,51) = 24.34, P-value<0.001; Fig. 6A). The
thickness ratio of LST deposits within cross-shelf valley fills is, on
average, higher than that within coastal-plain valley fills
(avgTRshelf = 0.36; avgTRcoastal-plain = 0.18; Fig. 5A and 6 A).

Likewise, the thickness of LSTs or TSTs within incised-valley fills is,
on average, significantly larger than that of HST (avgTLST =13.71 m;
avgTTST =18.95 m; avgTHST =3.24 m; one-way ANOVA: F(2,51)
= 11.53, P-value<0.001; Fig. 6B).

For architectural elements accumulated during lowstand and that
form LSTs in incised-valley fills, fluvial deposits are in almost all cases
the only type of deposit (Fig. 6C). For architectural elements accumu-
lated during TST, estuarine-bay/lagoon deposits (avgP = 0.35,
σ= 0.40) are the ones with highest average proportion, followed by
barrier-complex deposits (avgP = 0.21, σ = 0.32), and tidal-flat and
tidal-channel elements (avgP = 0.10, σ= 0.18). For architectural ele-
ments accumulated during highstand and that form HSTs, the most
abundant element type is open-shelf deposits (avgP = 0.7, σ= 0.48).

The mean proportion of fluvial deposits within LST is higher than
that within TST or HST (avgPLST = 1, σ= 0; avgPTST = 0.07, σ= 0.25;
avgPHST = 0, σ= 0; Fig. 6C). The mean proportion of estuarine bay/
lagoon deposits within TST is higher than that within LST or HST
(avgPLST = 0, σ = 0; avgPTST = 0.35, σ= 0.40; avgPHST = 0.1,
σ= 0.32). The mean proportion of open-shelf deposits within HST is
higher than that within LST or TST (avgPLST = 0, σ= 0;
avgPTST = 0.08, σ= 0.24; avgPHST = 0.7, σ= 0.48). Differences in
the distributions of proportion of fluvial, estuarine bay/lagoon, and
open-shelf deposits across different systems tracts in valley fills are
statistically significant at α of 0.05, based on Kruskal-Wallis test
(H = 35.92, P-value<0.001 for fluvial deposits; H = 12.44, P-
value = 0.002 for estuarine bay/lagoon; H = 17.17, P-value< 0.001
for open-shelf deposits).

The average thickness of fluvial deposits, i.e., of stratigraphic
packages that might variably include fluvial channel and floodplain
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deposits, is not significantly different between LST and TST (avgTLST

=15.3 m [σ =11.7 m], avgTTST =15.8 m [σ =1.63 m]; two-sample t-
test: t-value = -0.19, P-value = 0.854, df = 15; Fig. 6D). The average
thickness of open-shelf deposits is smaller in HST than in TST intervals
(avgTHST =3.7 m [σ =1.68 m], avgTTST =12.7 m [σ =11.6 m]);
however, these differences are not statistically significant (two-sample
t-test: t-value = -1.55, P-value = 0.218, df = 3).

3.2. Continental-margin type

The mean and median proportions of fluvial deposits within incised-
valley fills developed along tectonically active margins are higher than
those for valley fills along passive margins (Fig. 7A). A 17% difference
in mean proportion of fluvial deposits is seen between active margins
and passive margins, for which differences in the distributions are
statistically significant at α of 0.05, based on Wilcoxon rank-sum tests
(W = 242, P-value = 0.007). For incised-valley fills developed along
tectonically active margins, the mean proportions of bayhead delta or
estuarine bay/lagoon elements appear to be lower than those for valley
fills along passive margins. However, differences in the distributions of
the proportions of these two types of elements within incised-valley fills
across margin types are not statistically significant, based on Wilcoxon
rank-sum tests (W = 154, P-value = 0.721 for bayhead delta;
W = 146, P-value = 0.554 for estuarine bay/lagoon deposits).

Differences in means of the thickness of fluvial, bayhead-delta and
barrier-complex elements within valley fills across these two settings
are not statistically significant, based on two-sample t-tests (t-
value = 1.04, P-value = 0.307, df = 37, for fluvial deposits; t-value =

-1.16, P-value = 0.265, df = 15, for bayhead delta; t-value = 0.71, P-
value = 0.486, df = 19, for barrier complex; Fig. 7B). The thickness of
estuarine bay/lagoon elements within valley fills along active margins
is, on average, larger than that within valley fills along passive margins
(avgTactive =11.7 m, avgTpassive =6.5 m; two-sample t-test: t-
value = 2.76, P-value = 0.01, df = 29).

3.3. Catchment and basin physiography

3.3.1. Record of systems tracts in incised-valley fills and river-system size
For systems tracts in incised-valley fills, positive correlations are

seen between the thickness of LST deposits versus incised-valley-fill
thickness, width and cross-sectional area (Fig. 8A–C; Table 3). Positive
correlations are also seen between the thickness of TST deposits versus
incised-valley-fill thickness and valley drainage-basin area (Fig. 8A and
D; Table 3). A modest positive relationship is seen between HST
thickness and incised-valley-fill thickness (Fig. 8A; Table 3).

Positive correlations are seen between the LST-to-valley-fill thick-
ness ratio and incised-valley-fill thickness or cross-sectional area
(Fig. 8E and G; Table 3). No apparent correlations are seen between
thickness ratios of TSTs or HSTs versus incised-valley-fill dimensions or
drainage-basin areas (Fig. 8E–H; Table 3).

3.3.2. Architectural elements and river-system size
Relationships between river-system size and the proportion and

thickness of architectural elements within valley fills have been in-
vestigated, by considering classifications of the elements by sub-en-
vironment of deposition (Fig. 9; Table 4) and according to their process

Fig. 5. Box plots that present distributions in: (A) systems-tract-to-valley-fill thickness ratio and (B) thickness of different systems tracts preserved in coastal-plain
incised-valley fills; (C) proportion and (D) thickness of architectural elements belonging to each type of systems tract in coastal-plain valley fills. For each box plot,
boxes represent interquartile ranges, red open circles represent mean values, horizontal bars within the boxes represent median values and black dots represent
outliers (values that are more than 1.5 times the interquartile range). ‘N’ denotes the number of incised-valley fills and associated systems tract, ‘n’ denotes the
number of architectural elements in each systems tract and ‘σ’ denotes the standard deviation. The results of one-way ANOVA are reported in boxes in parts A and B,
as: F-value (degrees of freedom between and within groups in brackets), P-value.
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regime (Fig. 10; Table 5). In these analyses, the size of the valley sys-
tems are considered in terms of incised-valley-fill thickness, width, and
drainage area (Figs. 9 and 10; Tables 4 and 5).

3.3.3. Process regime, architectural elements and coastal physiography
For coastal-plain IVFs, differences in both present-day processes

(mean wave height and mean tidal range at the shoreline) and pre-
served sedimentary products (proportion of elements recording dif-
ferent process regimes) across enclosed or semi-enclosed sea and open-
ocean settings (Fig. 11) are investigated. The mean wave height
(avgMWH) for the studied open-ocean settings is, on average, higher
than that in enclosed or semi-enclosed seas (avgMWHopen =1.077 m,
avgMWHenclosed =0.713 m; two-sample t-test: t-value = -3.14, P-
value = 0.004, df = 33; Fig. 11A). The mean tidal range (avgTR) in the
studied open-ocean settings is, on average, higher than that in enclosed
or semi-enclosed seas (avgTRopen =1.48 m, avgTRenclosed =0.640 m;
two-sample t-test: t-value = -2.41, P-value = 0.022, df = 29; Fig. 11B).

The mean proportion of wave-dominated elements in IVFs facing
enclosed or semi-enclosed seas is marginally lower than that for IVFs
associated with open oceans (avgPenclosed = 0.231 vs
avgPopen = 0.287), though to a level that is not statistically significant
(two-sample t-test: t-value = -0.65, P-value = 0.522, df = 45). The
proportion of tide-dominated elements in IVFs associated with enclosed
or semi-enclosed seas is, on average, significantly lower than that for
IVFs associated with open oceans (avgPenclosed = 0.051 vs
avgPopen = 0.315; two-sample t-test: t-value = -3.87, P-value< 0.001,
df = 33). The mean proportion of fluvial-dominated elements in IVFs
associated with enclosed or semi-enclosed seas is significantly higher

than that for IVFs facing open oceans (avgPenclosed = 0.718 vs
avgPopen = 0.399; two-sample t-test: two-sample t-test: t-value = 3.54,
P-value = 0.001, df = 44).

3.3.4. Process regime, architectural elements and shelf physiography
For coastal-plain IVFs, relationships between shelf physiography

(shelf width, shelf-break depth and shelf gradient) and present-day
hydrodynamic conditions (Table 6) are investigated. A modest positive
correlation is noted between mean wave height at the present-day
shoreline at the IVF location versus shelf-break depth. Relationships
between shelf physiography and the proportion in coastal-plain IVFs of
architectural elements classified according to their dominant process
regime (Table 6) are also investigated. A modest positive correlation is
noted between the proportion of wave-dominated elements in IVFs
versus the average shelf gradient.

3.3.5. Sub-environments of architectural elements and shelf gradient
For incised-valley fills hosted on the outer shelf, positive correla-

tions are seen between the average shelf gradient and both the thick-
ness and proportion of barrier-complex elements (Fig. 12; Table 7).

For incised-valley fills hosted on the shelf, no correlation is noted
between the thickness of estuarine bay/lagoon elements versus the
average shelf gradient (Fig. 12A; Table 7); a modest positive correlation
is noted between the proportion of estuarine bay/lagoon elements
versus the average shelf gradient (Fig. 12B; Table 7).

Fig. 6. Box plots that present distributions in: (A) thickness ratio and (B) thickness of different systems tracts preserved in cross-shelf incised-valley fills; (C)
proportion and (D) thickness of architectural elements belonging to types of systems tract in cross-shelf valley fills. For each box plot, boxes represent interquartile
ranges, red open circles represent mean values, horizontal bars within the boxes represent median values and black dots represent outliers (values that are more than
1.5 times the interquartile range). ‘N’ denotes the number of incised-valley fills and associated systems tract, ‘n’ denotes the number of architectural elements in each
systems tract and ‘σ’ denotes the standard deviation. The results of one-way ANOVA are reported in boxes in parts A and B, as: F-value (degrees of freedom between
and within groups in brackets), P-value.
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3.4. Shoreline hydrodynamics

Previous work based on late-Quaternary incised-valley-fill systems
and outcrop studies of ancient successions (e.g., Yoshida et al., 2005;
Nordfjord et al., 2006; Tanabe et al., 2006) has demonstrated that hy-
drodynamic conditions through a relative sea-level cycle change in
response to several factors, such as wind regime, coastal bathymetry,
shelf-break depth, shelf width, their effect on tidal resonance, and
frictional forces. To investigate the relationships between coastal hy-
drodynamics and resultant sedimentary record, this work only focuses
on deposits accumulated during highstand and incorporated in the HST
of incised-valley fills, by considering the present-day hydrodynamic
regimes at the respective shorelines. The following observations
(Fig. 13) are based on a limited dataset (N = 19) and thus any re-
lationships between hydrodynamics and highstand deposits in incised-
valley fills needs to be substantiated with more data.

For deposits accumulated during highstand and forming HSTs
within coastal-plain incised-valley fills (Fig. 13A), the thickness ratio of
HSTs in valley fills associated with present-day mixed-energy to fully
wave-dominated conditions is smaller on average compared to that of

valley fills associated with present-day fully tide-dominated conditions
or mixed-energy tide-dominated conditions (avgTRHST-MW/WD = 0.18;
avgTRHST-TD = 0.26; avgTRHST-MT = 0.26); differences in mean values
of the thickness ratio of HSTs in valley fills across different present-day
hydrodynamic regimes are not statistically significant (one-way
ANOVA: F(2,16) = 0.52, P-value = 0.602).

For architectural elements accumulated during the highstand and
forming HSTs within incised-valley fills, the proportion of tide-domi-
nated elements is on average higher in incised-valley fills associated
with present-day tide-dominated conditions (e.g., Palaeo-Arakawa
valley, Palaeo-Nakagawa valley, Palaeo-Tokyo valley in Japan;
Qiantang valley in China) or mixed-energy tide-dominated conditions
(e.g., Gironde estuary in France), compared to valley fills associated
with increased dominance of wave processes (avgPTD = 0.73;
avgPMT = 0.60; avgPMW/WD = 0;.00 Fig. 13B). For example, according
to the classification of Davis and Hayes (1984), the Qiantang incised
valley (China; case study 83 in Table 1), now a drowned-valley estuary,
is currently subject to tide-dominated conditions at the modern shore-
line. The HST of the valley fills is characterized by a tide-dominated
estuary that contains a tidal sand-bar complex. In the HSTs of incised-

Fig. 7. Box plots that present distributions in: (A) proportion
and (B) thickness of different architectural-element types
within coastal-plain incised-valley fills; data are presented for
all the examples, and separately for active and passive con-
tinental margins. For each box plot, boxes represent inter-
quartile ranges, red open circles represent mean values, hor-
izontal bars within the boxes represent median values and
black dots represent outliers (values that are more than 1.5
times the interquartile range). ‘N’ denotes the number of in-
cised-valley fills associated with each margin type and ‘n’
denotes the number of corresponding in-valley architectural
elements.
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valley fills associated with present-day mixed-energy to fully wave-
dominated conditions, the proportion of wave-dominated elements is
on average higher compared to that in valley-fills associated with
present-day fully tide-dominated conditions or mixed-energy tide-
dominated conditions (avgPMW/WD = 0.86; avgPMT = 0.17;
avgPTD = 0.08).

For coastal-plain incised valleys, relationships are also investigated
between valley-fill width and present-day hydrodynamic regimes
(Fig. 14). A positive correlation is seen between incised-valley-fill width
versus present-day mean tidal range at the shoreline (r = 0.654, P-
value< 0.001; Fig. 14A). A very weak negative correlation is seen
between incised-valley-fill width versus present-day mean wave height

Fig. 8. Cross-plots of the thickness of systems tracts within coastal-plain incised-valley fills versus IVF thickness (A), width (B), cross-sectional area (C) and drainage-
basin area (D). Cross-plots of the thickness ratio of systems tracts within coastal-plain incised-valley fills versus IVF thickness (E), width (F), cross-sectional area (G)
and drainage-basin area (H). For each pair of variables, the correlation coefficients and P-values are reported in Table 3. ‘N’ denotes the number of incised-valley fills.
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at the shoreline (r = -0.256, P-value = 0.111; Fig. 14B). The width of
valley fills in tide-dominated or mixed-energy tide-dominated condi-
tions is on average higher than that associated with valley fills in
mixed-energy wave-dominated or fully wave-dominated conditions
(avgWTD =27,511 m; avgWMT =22,247 m; avgWMW =10,968 m;
avgWWD =4556 m; Fig. 14C); differences in mean values of incised-
valley-fill width across different present-day hydrodynamic regimes are
statistically significant (one-way ANOVA: F(3,29) = 7.24, P-
value = 0.001).

4. Discussion

4.1. Comparison with previously published models

A comparison of the studied late-Quaternary examples with generic
facies models for incised-valley fills (e.g., Dalrymple et al., 1992; Zaitlin
et al. 1994) and with a model proposed for the Gironde estuary in
France (Allen and Posamentier, 1994b) highlights what aspects of the
models are, or are not, supported by observations in late-Quaternary
examples.

In both the coastal-plain and cross-shelf incised-valley fills studied
in this work, the TST represents the largest part of the fills (Fig. 5A and
6 A). Coastal-plain valley fills (cf. the 'middle segment' in Zaitlin et al.
1994) are typically characterized by fluvial deposits in LSTs and es-
tuarine bay/lagoon deposits in TSTs, capped by non-bay deltaic de-
posits or bayhead delta deposits in HSTs (Fig. 5). Cross-shelf valley fills
(cf. the 'outer segment' in Zaitlin et al. 1994) are typically characterized
by fluvial deposits in LSTs and estuarine bay/lagoon deposits in TSTs,
capped by condensed open-shelf deposits in HSTs (Fig. 5). Observations
of stratigraphic organization in the studied late-Quaternary examples
support the classical facies models for incised-valley fills as a re-
presentative base case (Dalrymple et al., 1992; Zaitlin et al. 1994; Allen
and Posamentier, 1994b).

However, the internal fills of valleys incised into modern shelves
display significant variability in facies architecture (Fig. 15C; cf.
Chaumillon et al., 2008) and differ in two ways from the studied
coastal-plain valleys and from what is represented in the models.

First, the studied cross-shelf incised-valley fills are characterized by
a higher proportion of lowstand deposits, compared to the studied
coastal-plain valley fills (Fig. 5A and 6 A). Specifically, in the palaeo-
Chao Praya valleys (Case study 67, Table 1; Reijenstein et al., 2011) on
the Sunda shelf, LST fluvial deposits make up the largest portion of the
valley fills, and are only capped by relatively thin TST estuarine mud
deposits. In the Changjiang-Qiangtangjiang incised valley of the East
China Sea shelf (Case study 83 in Table 1; Wellner and Bartek, 2003),
LST fluvial deposits represent the largest part of the valley fills, capped
by limited HST tidal-bar complex deposits. Transgression within this
valley fill is only recorded by ravinement. These characteristics also
contrast with the limited LST fluvial deposits depicted in existing
models for the seaward portion of incised-valley fills (Zaitlin et al.
1994; Allen and Posamentier, 1994b). There may be two reasons for
this difference. Firstly, some of the valleys in this study are fed by large
river systems, with extensive catchments arising from the amalgama-
tion of the drainage areas of rivers that join on the shelf. Thus, these
large rivers, which are associated with large drainage areas and max-
imum bankfull depths, can generate thicker channel belts, bars and
channel fills (Fielding and Crane, 1987; Bridge and Mackey, 1993;
Shanley, 2004; Fielding et al., 2006; Gibling, 2006; Blum et al., 2013);
this, in turn, can translate to thicker LST fluvial deposits within valley
fills. Furthermore, the gradient of shelves that occur offshore of river-
dominated coasts is in part determined by the profile of the rivers
traversing it at lowstand, and larger fluvial systems are associated with
lower channel gradients (Wood et al., 1993; Burgess et al., 2008; Blum
and Womack, 2009; Olariu and Steel, 2009; Sømme et al., 2009a,
2009b; Helland-Hansen et al., 2012; Blum et al., 2013). Thus, larger
valleys, being fed by larger river systems, are generally associated withTa
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lower-gradient shelves on which the shoreline can migrate rapidly in
response to transgression. This could cause any high-energy environ-
ment (wave and/or tide dominated environment) at the shoreline to
rapidly backstep along the path of extant cross-shelf incised valleys,
therefore minimizing the impact of potential erosion of fluvial deposits.

Second, compared to the studied coastal-plain examples, the studied
cross-shelf incised-valley fills are characterized by a higher proportion
of shelf deposits (Fig. 5A and 6 A). Some incised valleys hosted on the
shelf had not yet been filled completely by sediments when the trans-
gressive shoreline backstepped over them, or were excavated again
during transgression, leading to the filling of the relict accommodation
with open-marine deposits (Simms et al., 2010). Depending on the
dominant shelf process responsible for filling the valley, the nature of
the infills of these valleys (Fig. 15C) can vary, and can include, for
instance, the preserved products of shelf dunes (Case study 49 in
Table 1; Payenberg et al., 2006), of sediment gravity flows (Thieler
et al., 2007), or offshore muds (Case study 67 in Table 1; Reijenstein
et al., 2011). Specifically, the incised-valley fill hosted on the outer
shelf in Hervey Bay, on the Pacific coast of Australia (Case study 49 in
Table 1; Payenberg et al., 2006), is thought to be entirely filled by the
deposits of shelf sand dunes, developed under the influence of strong

tidal currents prevailing on the modern shelf. This valley fill is dis-
tinctively different from the fluvial- to estuarine-filled system presented
by the general valley-fill models for the seaward portion of incised
valleys (Dalrymple et al., 1992; Dalrymple and Zaitlin, 1994; Allen and
Posamentier, 1994b).

The general stratigraphic organization of the studied incised-valley
fills is consistent with what is depicted qualitatively in classical facies
models (e.g., Dalrymple et al., 1992; Zaitlin et al. 1994; Allen and
Posamentier, 1994b), which reflect the primary control of sea level.
However, overall, based on a large composite dataset, this synthesis
demonstrates the internal fills of incised valleys are characterized by
significant variability in stratigraphic architectures (Fig. 15; cf.
Chaumillon et al., 2008, 2010), which is not accounted for by these
models. Variations in the facies architecture of coastal-plain and cross-
shelf valley fills can be attributed to controls other than relative sea-
level change, such as tectonic setting (continental-margin type), basin
physiography, catchment area, river-system size and shoreline hydro-
dynamics. In the following section, these controls are discussed in de-
tail.

Fig. 9. Cross-plots of thickness of architectural elements within coastal-plain incised-valley fills versus IVF thickness (A), width (B) and drainage-basin area (C).
Cross-plots of proportion of architectural elements within coastal-plain incised-valley fills versus IVF thickness (D), width (E) and drainage-basin area (F).
Architectural elements are classified on their sub-environment of deposition. For each pair of variables, the correlation coefficients and P-values are reported in
respective cell in Table 4. ‘N’ denotes the number of incised-valley fills.
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4.2. Controls on the internal fills of incised valleys

4.2.1. Continental-margin type
Incised-valley systems are likely to record variations in sediment

yield, sediment supply, and resulting shoreline progradation rates and
rates at which drowned-valley estuaries undergo continentalization

(Dalrymple, 2006; Wilson et al., 2007; Clement et al., 2017; Clement
and Fuller, 2018), which themselves might be expected to vary char-
acteristically across types of continental margins. The results presented
in this study (Fig. 7A) indicate that a higher proportion of fluvial de-
posits and a lower proportion of central-basin estuarine deposits are
observed in incised-valley fills hosted on active margins compared to

Table 4
Correlation coefficients and P-values reported for the relationship between the thickness or proportion of fluvial deposits, estuarine bay/lagoon, bayhead delta and
barrier complex elements within IVFs versus IVF thickness, IVF width and drainage area. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes
Spearman’s rho.

Parameters Elements IVF thickness IVF width Drainage area

Thickness Fluvial deposits N = 56;
R = 0.508, p < 0.001;
r = 0.458, p < 0.001

N = 43;
R = 0.406, p < 0.001;
r = 0.529, p < 0.001

N = 51;
R = 0.171, p = 0.090; r = 0.691, p < 0.001

Estuarine bay/lagoon N = 56;
R = 0.517, p = 0.001;
r = 0.420, p < 0.001

N = 43;
R = 0.454, p < 0.001;
r = 0.524, p < 0.001

N = 51;
R = 0.220, p = 0.027; r = 0.351, p < 0.001

Bayhead delta N = 56;
R = 0.230, p = 0.144;
r = 0.017, p = 0.915

N = 43;
R = 0.390, p = 0.027;
r = 0.225, p = 0.216

N = 51;
R = 0.550, p < 0.001; r = 0.782, p < 0.001

Barrier complex N = 56;
R = 0.047, p = 0.797;
r = 0.242, p = 0.175

N = 43;
R = 0.112, p = 0.570;
r = 0.324, p = 0.093

N = 51;
R = 0.314, p = 0.055; r = 0.318, p = 0.052

Proportion Fluvial deposits N = 56;
R = 0.412, p = 0.002;
r = 0.473, p < 0.001

N = 43;
R = 0.264, p = 0.088;
r = 0.273, p = 0.077

N = 51;
R = 0.082, p = 0.570; r = 0.237, p = 0.094

Estuarine bay/lagoon N = 56;
R = -0.243, p = 0.071;
r = -0.24, p = 0.059

N = 43;
R = -0.238, p = 0.125;
r = -0.191, p = 0.220

N = 51;
R = -0.175, p = 0.219; r = -0.113, p = 0.430

Bayhead delta N = 56;
R = -0.242, p = 0.072;
r = 0.014, p = 0.918

N = 43;
R = -0.235, p = 0.129;
r = -0.103, p = 0.511

N = 51;
R = -0.039, p = 0.785; r = 0.126, p = 0.379

Barrier complex N = 56;
R = 0.399, p = 0.002;
r = 0.354, p = 0.007

N = 43;
R = 0.335, p = 0.028;
r = 0.299, p = 0.051

N = 51;
R = 0.082, p = 0.566; r = -0.017, p = 0.907

Fig. 10. Cross-plots of proportion of architectural elements (Scheme 2) within coastal-plain incised-valley fills versus IVF thickness (A), width (B), drainage-basin
area (C) and width-to-thickness ratio (D). Architectural elements are classified on their dominant process regime. For each pair of variables, the correlation coef-
ficients and P-values are reported in respective cell in Table 5. ‘N’ denotes the number of incised-valley fills.
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those on passive margins. These observations contrast with the fact that
passive margins are typically associated with larger rivers (Syvitski and
Milliman, 2007; Sømme et al., 2009a), and are therefore usually asso-
ciated with (i) higher rates of sediment supply (Syvitski and Milliman,
2007; Blum et al., 2013), which control shoreline progradation rates,
and (ii) with larger maximum bankfull depths, which translate to
thicker channel belts, bars and channel fills (Fielding and Crane, 1987;
Bridge and Mackey, 1993; Shanley, 2004; Fielding et al., 2006; Gibling,
2006; Blum et al., 2013). An explanation of this inconsistency appears
elusive. The lower proportion of central-basin deposits within incised-
valley fills along active margins could be explained by the nature of
sediment load carried by the respective river systems. River systems
along passive margins are generally larger than their active-margin
counterparts, and tend to carry high suspended-sediment load, which
can feed estuaries and be deposited as fluid muds around the turbidity
maximum (e.g., Portela et al., 2013; Carlin et al., 2015).

Previous work (Wang et al., 2019) has demonstrated that incised-

valley fills along active margins tend to be thicker and wider on average
than those along passive margins. This may be seen because active
margins are generally associated with higher-gradient shelves, resulting
in larger differences between the shelf gradient and the lowstand fluvial
equilibrium profile, which in turn favours deeper fluvial incision for a
given sea-level fall (Schumm and Brackenridge, 1987; Leckie, 1994;
Posamentier and Allen, 1999). Moreover, active margins are generally
associated with high specific sediment yield and rivers that drain active
margins tend to have a high bedload-to-suspended-load ratio (Milliman
and Syvitski, 1992), which promotes more rapid attainment of equili-
brium profiles (Dietrich and Whiting, 1989; Sheets et al., 2002; Peakall
et al., 2007; Martin et al., 2011; Blum et al., 2013); a tendency to reach
equilibrium more easily might therefore result in fluvial incision being
deeper, on average, than what is typical for passive-margin valleys. The
observation that estuarine bay/lagoon elements are thicker on average
in incised-valley fills along active margins than in those along passive
margins (Fig. 7B) might arise because valleys along active margins, by

Table 5
Correlation coefficients and P-values reported for the relationship between the proportion of fluvial-dominated, wave-dominated and tide-dominated elements within
IVFs versus IVF thickness, IVF width and drainage area. ‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman’s rho.

Elements IVF thickness IVF width Drainage area IVF width/thickness

Fluvial-dominated N = 45;
R = -0.081, p = 0.596;
r = -0.085, p = 0.58

N = 34;
R = -0.146, p = 0.412;
r = -0.161, p = 0.362

N = 44;
R = 0.062, p = 0.690; r = 0.178, p = 0.247

N = 34;
R = -0.165, p = 0.350;
r = -0.179, p = 0.310

Wave-dominated N = 45;
R = -0.056, p = 0.715;
r = -0.201, p = 0.185

N = 34;
R = -0.217, p = 0.218; r = -0.246, p = 0.161

N = 44;
R = -0.176, p = 0.252; r = -0.337, p = 0.025

N = 34;
R = -0.153, p = 0.389;
r = -0.111, p = 0.530

Tide-dominated N = 45;
R = 0.160, p = 0.294;
r = 0.293, p = 0.051

N = 34;
R = 0.414, p = 0.015; r = 0.457, p = 0.007

N = 44;
R = 0.112, p = 0.469; r = 0.129, p = 0.403

N = 34;
R = 0.369, p = 0.032;
r = 0.271, p = 0.120

Fig. 11. (A, B) Box-plots of distributions of mean wave height (A) and mean tidal range (B) at the present-day shoreline of the studied coastal-plain incised-valley fills
associated with enclosed or semi-enclosed seas and with open oceans. (C–E) Box-plots of distributions of the proportion of architectural elements (Scheme 2; see
Table 2) in coastal-plain IVFs for enclosed/semi-enclosed seas and open oceans. For each box-plot, boxes represent interquartile ranges, red open circles represent
mean values, horizontal bars within the boxes represent median values, and black dots represent outliers (values that are more than 1.5 times the interquartile range).
‘N’ denotes the number of readings. ‘σ’ denotes the standard deviation. The results of two-sample t-test (t-value, P-value and degrees of freedom) are reported in
boxes.

R. Wang, et al. Earth-Science Reviews 200 (2020) 102988

16



being more deeply incised on average, will also tend to host greater
accommodation. This might favour the development of thicker es-
tuarine bay/lagoon elements within valley fills on active margins. The
results suggest that continental margin types exert an indirect effect on
the geometry of estuarine bay/lagoon element within incised-valley
fills through a control on valley morphology.

Results from this study suggest that the type of continental margin
might be taken as a predictor of the internal fills of incised valleys,
likely because of the effects of the tectonic setting on basin physio-
graphy, rates and mode of sediment supply, and nature of sediment
load. This view is in part supported by the result of principal component
analysis (see Supplementary information; text and Fig. S1A) applied to
a limited dataset of 30 IVFs for which eight variables can be con-
strained; this analysis indicates that overall the studied IVFs tend to
display differences in the studied variables that map onto the type of
continental margin on which they are hosted.

4.2.2. Shelf physiography
The development of barrier islands that can be stranded on the shelf

during TST tend to develop in association with stadials during degla-
ciation, i.e., in relation with periods of negligible or slow rates of re-
lative sea-level rise known as stillstands or slowstands (e.g., Cooper,
1958, 1991; Trincardi et al., 1994; Storms et al., 2008; Salzmann et al.,
2013). Preservation of these barrier islands on the shelf during trans-
gression is believed to be facilitated by factors such as rapid sea-level
rise after stillstands (e.g., Storms et al., 2008; Salzmann et al., 2013),
early cementation of the barrier form (Gardner et al., 2005, 2007;
Salzmann et al., 2013; Green et al., 2013a, 2014), and gentle ante-
cedent shelf gradient and reduced wave-energy (Cooper et al., 2016;

Storms et al., 2008). Rapid sea-level rise after stillstands is shown to be
conducive to the preservation of barrier-island deposits (Belknap and
Kraft, 1981; Forbes et al., 1995; Storms et al., 2008; Salzmann et al.,
2013). Rapid sea-level rise is typically associated with only limited
reworking or breakdown of the barrier form during ensuing transgres-
sive ravinement (Storms et al., 2008; Salzmann et al., 2013; Cooper
et al., 2016). Antecedent shelf gradient is also shown to be a control on
the preservation of barrier islands (Storms et al., 2008; Salzmann et al.,
2013; Pretorius et al., 2016; Green et al., 2018). Cattaneo and Steel
(2003) point out that, given the same unit of time of relative sea-level
rise, the effects of erosion at the shoreline across high-gradient shelves
is much greater than that across low-gradient shelves during ensuing
transgressive ravinement, resulting in severe reworking or breakdown
of the barrier systems. This is because the shoreline does not translate
over a large distance for the same amount of sea-level rise and erosion is
therefore focussed over a shorter profile for the same unit of time (Davis
and Clifton, 1987). However, the results of this study (Fig. 12) chal-
lenge the applicability of this notion to incised-valley systems, as po-
sitive correlations are observed between the thickness and proportion of
barrier-complex deposits within incised-valley fills versus the average
shelf gradient in the last sea-level cycle. Previous work documents that
equilibrium in sandy shorelines is attained over timescales of 102 to 103

years (Cowell and Thom, 1994; Stive and de Vriend, 1995). For a given
relative sea-level change, horizontal shoreline shifts increase in mag-
nitude with decreasing shelf gradient. Thus, compared to lower-gra-
dient shelves, any high-energy environment located in the area of the
coastline across steeper-gradient shelves will stabilize at a location for
longer periods during episodes of negligible or slow rates of relative
sea-level rise, potentially promoting accumulation of barrier-complex

Table 6
Correlation coefficients and P-values reported for the relationship between mean wave height, mean tidal range at present-day shorelines and the proportion of
fluvial-dominated, wave-dominated and tide-dominated elements within coastal-plain IVFs versus shelf width, shelf-break depth and shelf gradient (N = 49). ‘N’
denotes the number of incised-valley fills, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman’s rho.

Quantity Shelf width Shelf-break depth Shelf gradient

Mean wave height R = 0.093, p = 0.547;
r = 0.171, p = 0.267

R = 0.496, p < 0.001; r = 0.430, p = 0.002 R = 0.200, p = 0.168; r = 0.260, p = 0.071

Mean tidal range R = 0.077, p = 0.617;
r = -0.109, p = 0.481

R = 0.260, p = 0.071; r = -0.027, p = 0.853 R = -0.228, p = 0.115; r = -0.233, p = 0.108

Proportion of fluvial-dominated deposits R = 0.204, p = 0.183;
r = 0.176, p = 0.252

R = -0.230, p = 0.111;
r = -0.229, p = 0.114

R = -0.140, p = 0.336; r = -0.239, p = 0.097

Proportion of wave-dominated deposits R = -0.174, p = 0.258;
r = -0.099, p = 0.523

R = 0.100, p = 0.493; r = 0.191, p = 0.190 R = 0.346, p = 0.015; r = 0.449, p = 0.001

Proportion of tide-dominated deposits R = -0.080, p = 0.607;
r = -0.024, p = 0.878

R = 0.181, p = 0.214; r = 0.247, p = 0.087 R = -0.195, p = 0.180; r = -0.155, p = 0.288

Fig. 12. Plots of thickness (A) and proportion (B) of architectural elements within cross-shelf incised-valley fills versus shelf gradient. For each pair of variables, the
correlation coefficients and P-values are reported in respective cell in Table 7. ‘N’ denotes the number of readings.
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deposits within cross-shelf valleys (e.g., Posamentier, 2001; Reijenstein
et al., 2011; Wetzel et al., 2017). The control by shelf gradient on
transgression also plays an indirect role on the erodibility of barrier
deposits when accompanied with climate. It has been proposed
(Frankel, 1968; Hopley, 1986; Moore, 2001; Vousdoukas et al., 2007;
Cawthra and Uken, 2012) that the rates of shoreline cementation in
warm tropical or sub-tropical climates can be particularly rapid, oc-
curring on a scale of months to decades. Hence, longer periods of early
cementation of the barriers along steeper shelves, prior to barrier
overstepping, might make the barrier deposits more resistant to erosion
during ensuing transgressive ravinement. Positive correlations between
both the thickness and proportion of barrier-complex elements versus
the average shelf gradient (Fig. 12) support the idea that the shelf
gradient plays a role in controlling the establishment and preservation
of barrier-complex deposits within incised valleys hosted on the shelf.
However, these observations are based on limited data (N = 9 for the
thickness of barrier-complex elements and N = 14 for the proportion of
barrier-complex elements) and thus any conjecture on the effective role
of shelf gradient on the development and preservation of barrier-com-
plex deposits within valley fills needs to be substantiated through fur-
ther study. Additionally, expected relationship between shelf gradient
and characteristics of barrier-complex deposits in incised-valley fills
might be masked by overriding factors, such as early cementation
controlled by palaeo-climates, or wave and tide energy regimes, or by
the fact that the present-day average shelf gradient does not approx-
imate the local shelf gradient established during transgression.

Positive correlations between the proportion of estuarine bay/la-
goon elements versus the average shelf gradient (Fig. 12B) are attrib-
uted to the fact that steeper shelves could result in larger difference
between shelf gradient and the fluvial equilibrium profile and therefore
should tend to drive deeper fluvial incision for a given relative sea-level
fall (Schumm and Brackenridge, 1987; Leckie, 1994; Posamentier and
Allen, 1999; Wang et al., 2019), thereby providing increased accom-
modation for estuarine bay/lagoon deposits that can be preserved in
incised valleys. Thus, the shelf gradient may exert an indirect control on
the development and preservation of the geometry of estuarine bay/
lagoon deposits within cross-shelf incised valleys through its effects on
incised-valley dimensions and the resultant accommodation space.

4.2.3. Catchment and river-system size
Positive correlations between the thickness or proportion of LST

deposits versus incised-valley-fill dimensions (Fig. 8) might reflect how
these parameters tend to co-vary in relation to a common control ex-
erted by the size of drainage areas. Previous work (Mattheus et al.,
2007; Mattheus and Rodriguez, 2011; Phillips, 2011; Wang et al., 2019)
has demonstrated that the size of incised valleys shows positive corre-
lation with the size of their drainage basins. Water discharge, which is
positively correlated with drainage-basin area (Syvitski and Milliman,
2007), controls the maximum bankfull depth of a river. Hence, river
size and the geometry of fluvial deposits (thickness of barforms,
channel fills and channel belts) are expected to be scaled to drainage-

basin area. Positive scaling relationships between drainage-basin area,
water discharge, single-storey channel-belt sand-body thickness
(channel-fill or barform thickness), and river size are recognised in
studies based on late-Quaternary examples (Blum et al., 2013), com-
pilation of ancient channel-belt scales from published literature
(Gibling, 2006) and regional case studies (e.g., Shanley, 2004; Fielding
et al., 2006). Thus, these results might reflect the fact that the devel-
opment of valleys having larger drainage basins and characterized by
higher bankfull discharges will tend to be filled by thicker fluvial de-
posits preserved in LSTs. It needs to be considered, however, that re-
lationships between the thickness and proportion (thickness ratio) of
LST deposits in incised-valley fills and the size of the valley catchments
– albeit positive – are modest and not statistically significant (Table 3).

Sedimentation associated with the TST takes place when accom-
modation is being created at its fastest rate by relative sea-level rise.
Positive correlation between the thickness of TST deposits versus in-
cised-valley-fill thickness (Fig. 8A) can be explained by the fact that
deeper valleys will be more likely to record the full expression of a TST
and to contain maximum flooding surfaces within their confines.
However, this interpretation is at odd with the fact that no significant
difference exists between the thickness distributions for incised-valley
fills that contain HST deposits compared to those that were overfilled
and/or ravined during transgressions and do not contain HST deposits.

Positive correlations between the thickness of fluvial deposits versus
incised-valley-fill dimensions (Fig. 9A–C) might reflect how these
variables are expected to co-vary in relation to a common control ex-
erted by the size of drainage areas. The results suggest that the thick-
ness of fluvial deposits in valley fills might reflect the thickness of
channel belts, which is itself controlled by the size of their drainage-
basin areas.

Based on studies of the internal fills of modern estuaries in New
Zealand (e.g., Heap and Nichol, 1997; Wilson et al., 2007; Abrahim
et al., 2008; Kennedy et al., 2008; Clement et al., 2017), it has been
proposed that shallower estuaries are more easily backfilled than
deeper ones, especially when they are coupled with river systems with
high sediment supply, such that the relatively restricted space within
valley fills tends to limit the development of deeper central-basin en-
vironments (estuarine bay/lagoon deposits), where fine-grained sedi-
ments accumulate. Additionally, large river systems associated with
low-gradient coastal plains – typical of passive margins – are prone to
carrying substantial suspended-sediment load when they reach the sea
(Milliman and Syvitski, 1992). These fine-grained sediments can feed
estuaries and be deposited as fluid muds around the turbidity maximum
(e.g., Portela et al., 2013; Carlin et al., 2015), especially if tidal pro-
cesses are important (e.g., Dalrymple et al., 2012). Positive relations
between the thickness of estuarine bay/lagoon elements versus incised-
valley-fill dimensions and drainage-basin area (Fig. 9A–C) support
these expectations only to a certain degree, as the thickness of the
valley may not necessarily be a good proxy for the depth of the estuary
during TST or HST. The results suggest that both drainage-basin area
and incised-valley geometry could act as factors that control the

Table 7
Correlation coefficients and P-values reported for the relationship between the thickness or proportion of estuarine bay/lagoon and barrier complex elements within
IVFs versus shelf gradient. Note that these two elements are classified into two groups, i.e., those hosted on the outer shelf and those hosted on the inner shelf. ‘N’
denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman’s rho.

Parameters Elements Position Shelf gradient

Thickness Estuarine bay/lagoon Outer shelf N = 13; R= -0.004, p = 0.990; r = 0.531, p = 0.062
Shelf N = 23; R= -0.139, p = 0.538; r = 0.122, p = 0.588

Barrier complex Outer shelf N = 9; R = 0.546, p = 0.128; r = 0.741, p = 0.022
Shelf N = 20; R= -0.232, p = 0.340; r= -0.226, p = 0.351

Proportion Estuarine bay/lagoon Outer shelf N = 14; R = 0.314, p = 0.274; r = 0.494, p = 0.072
Shelf N = 26; R = 0.245, p = 0.228; r = 0.49, p = 0.011

Barrier complex Outer shelf N = 14; R= -0.107, p = 0.715; r = 0.625, p = 0.017
Shelf N = 26; R= -0.142, p = 0.487; r = 0.325, p = 0.106
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accumulation of estuarine deposits preserved within incised valleys.
Positive correlations between the thickness of bayhead-delta de-

posits versus drainage-basin area (Fig. 9C) could possibly reflect the
fact that more rapidly prograding bayhead deltas associated with larger
river systems will have advanced into deeper parts of their estuaries.
However, this interpretation carries significant uncertainty as the 3D
geometry of bayhead delta deposits is not typically characterized, and
packages of bayhead-delta deposits may incorporate vertically amal-
gamated lobes that cannot be resolved in core.

Overall, the size of drainage areas appears to control the thickness

of fluvial deposits, of bayhead-delta deposits and of estuarine bay/la-
goon deposits in incised-valley fills (Fig. 9A to C) through its effects on
water discharge, sediment supply, the character of sediment load and
in-valley accommodation related to incised-valley geometry.

4.2.4. Shoreline hydrodynamics
4.2.4.1. Control of hydrodynamic conditions on
sedimentation. Hydrodynamic conditions at the shoreline control the
deposition and preservation potential of sedimentary bodies in estuaries
(Tessier et al., 2010a, 2010b; Menier et al., 2010; Proust et al., 2010;
Ferrer et al., 2010; Tessier, 2012). Wave-dominated estuaries are
typically characterized by a barrier beach and a tidal-inlet complex at
their mouth, passing landward into central-basin muds and bayhead
delta deposits (Dalrymple et al., 1992; Dalrymple and Zaitlin, 1994;
Ferrer et al., 2010; Tesson et al., 2010). Tide-dominated estuaries are
typically characterized by tidal sandbars that grade to mudflats and salt
marshes up-estuary (Dalrymple et al., 1992; Dalrymple and Zaitlin,
1994; Tessier, 2012). In highstand deposits, the observation of higher
proportions of tide-dominated elements (e.g., tidal flat and tidal
channel, tidal sand-bar complex, tidal inlet and flood tidal delta

Fig. 13. Individual-value plot of thickness ratios of HSTs in coastal-plain valley
fills (A) and of the proportion of architectural elements (Scheme 2; F: fluvial-
dominated deposits; T: tide-dominated deposits; W: wave-dominated deposits)
in the HST of coastal-plain incised-valley fills (B) for different hydrodynamic
regimes at modern shorelines (TD: tide dominated; MT: mixed tide dominated;
MW: mixed wave dominated; WD: wave dominated). Red open circles represent
mean values. The text label near each individual value denotes the valley fill as
follows: GI = Gironde estuary, France; OB = Ombrone valley, Italy; TI = Tiber
valley, Italy; AR = Arno valley, Italy; SE = Serchio valley, Italy;
CS = Camaiore-Stiava valley, Italy; BI = Biferno upper valley, Italy;
LE = Leyre valley, France; CA = Calcasieu valley, USA; CJ = Changjiang
valley, China; QT = Qiantang valley, China; QTT = Qiantang-Taihu valley,
China; AR = Palaeo-Arakawa valley, Japan; NA = Palaeo-Nakagawa valley,
Japan; TO = Palaeo-Tokyo valley, Japan; KS = Kushiro plain valley, Japan;
SH = Song Hong valley, Vietnam; IS = Isumi valley, Japan; WT =Weiti
valley, New Zealand.

Fig. 14. (A, B) Cross-plots of incised-valley-fill width versus mean tidal range
(A) and mean wave height (B) at the modern shoreline. For each pair of vari-
ables, the correlation coefficients and P-values are reported in respective boxes.
‘N’ denotes the number of readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes
Spearman’s rho. (C) Box plot of distributions of incised-valley-fill width for
different present-day hydrodynamic regimes (TD: tide dominated; MT: mixed
tide dominated; MW: mixed wave dominated; WD: wave dominated). For each
box plot, boxes represent interquartile ranges, red open circles represent mean
values, horizontal bars within the boxes represent median values, and black
dots represent outliers (values that are more than 1.5 times the interquartile
range). ‘N’ denotes the number of readings. ‘σ’ denotes the standard deviation.
The results of one-way ANOVA are reported in the box in part C, as: F-value
(degrees of freedom between and within groups in brackets), P-value.
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subenvironment) in valley fills associated with full or mixed-energy
tide-dominated conditions than in those with more wave-dominated
conditions (Fig. 13B) indicates the expected increased dominance of
tidal processes on sedimentation. Likewise, higher proportions of wave-
dominated elements (e.g., nearshore, barrier complex sub-
environments) in valley fills associated with full to mixed-energy
wave-dominated conditions than in those with more tide-dominated
conditions (Fig. 13B) indicate the expected increased dominance of
wave processes on sedimentation. The results (Fig. 13B) likely reflect
the importance of hydrodynamic processes in determining the types of
sub-environments recorded as sedimentary bodies in the HST of coastal-
plain incised-valley fills.

Based on the synthesis of data from 10 incised valleys that occur
along the Mediterranean and Atlantic coasts of France, Chaumillon
et al. (2010) argued that within the outer segments of the valley fills
(cross-shelf valley fills, in this paper), the HST to TST ratio increases
from wave-dominated to tide-dominated settings because of the deeper
wave base offshore wave-dominated coasts. Chaumillon et al. (2010)
also proposed that in the middle segments of the valley fills (coastal-
plain valley fills, in this paper), the thickness of HSTs does not vary
significantly across different hydrodynamic regimes, despite differences
seen in the types of sub-environments incorporated in the HST of valley
fills under different hydrodynamic conditions. Our data (Fig. 13A)
support the claim made by Chaumillon et al. (2010) for coastal-plain
valley fills, but any interpretation is highly uncertain, as the dataset is

limited (N = 19).

4.2.4.2. Control of hydrodynamic conditions on IVF geometry. With
regards to the relationship between incised-valley-fill width and
present-day hydrodynamic regimes, Mattheus and Rodriguez (2011)
argued that bay-ravinement, or estuarine shoreline erosion, which is
controlled by the imposing energy regime of waves and tides, can lead
to the widening of incised valleys. However, our data (Fig. 14) do not
fully support this idea, as no apparent correlation is seen between
incised-valley-fill width versus mean wave height at modern shorelines.
This might arise because wave ravinement tends to truncate the
topmost part of the interfluves of some incised valleys, where each
valley is expected to have been widest (Fig. 16A); this fact might
counteract the effects of any widening of the incised valleys by wave
erosion. This discrepancy might also arise from the fact that the
present-day hydrodynamic conditions at the shoreline may not be
representative of those that existed during the late TST or due to the
influence of other factors such as catchment size, vegetation, substrate
and climate.

Positive correlation between incised-valley-fill width versus pre-
sent-day mean tidal range at the shoreline (Fig. 14A) could be explained
by the fact that tidal ravinement might drive erosion of valley margins,
which promotes the widening of the incised valleys (Fig. 16B).

4.2.4.3. Control of IVF geometry on hydrodynamic conditions. The

Fig. 15. Example stratigraphic architectures of incised-valley fills, illustrating the variability observed along strike-oriented cross sections for some of the late-
Quaternary coastal-plain (B) and cross-shelf (C) valley fills considered in this work. In (B), the examples for coastal-plain valley fills are grouped by classes of present-
day hydrodynamic regimes at the shoreline; continental-margin types are also indicated. Key sequence-stratigraphic bounding surfaces (SB, TS and MFS) are shown
for examples for which sequence-stratigraphic interpretations were presented in the original source work. SB denotes the sequence boundary, TS denotes the
transgressive surface, and MFS denotes the maximum flooding surface.

R. Wang, et al. Earth-Science Reviews 200 (2020) 102988

20



geometry of incised valleys being flooded has also been recognized as a
factor controlling the internal fills of incised valleys through its control
on hydrodynamic conditions (Dalrymple et al., 1992; Chaumillon et al.,
2010; Nordfjord et al., 2006). The tidal prism at any location is a
function of the shape of the drowned-valley estuaries, their geographic
orientation, shelf geometry, tidal resonance, which itself is determined
by shelf width and shelf depth, and frictional forces (Luketina, 1998;
Hume, 2005; Davis et al., 2009). Generally, funnel-shaped valleys tend
to enhance the amplification of tidal waves and thus the occurrence of
tide-dominated conditions (Dalrymple et al., 1992; Chaumillon et al.,
2010; Tessier et al., 2012). Based on observations of seismic data of
late-Quaternary incised-valley fills on the New Jersey shelf, Nordfjord
et al. (2006) argued that narrower and deeper valleys should promote
the development of tide-dominated environments, whereas broader
valleys might be, comparatively, more dominated by wave processes.
However, our observations (Fig. 10) do not support the assumption
made by Nordfjord et al. (2006). Positive correlation between incised-
valley-fill width and the proportion of tide-dominated elements
(Fig. 10B) might reflect how these two variables co-vary in response
to a common control exerted by the present-day hydrodynamic regime
(mean tidal range) at the shoreline (Figs. 13B and 14 A). This
observation (Fig. 10B) could also be explained by the fact that wider
valleys with gentler gradient, generally associated with larger rivers,
will tend to have larger tidal prism and thus experience stronger tidal
currents. Furthermore, for narrow and linear valleys, tidal flow tends to
be dampened by friction on the valley margins and tidal-wave energy is
dissipated by diffraction. Thus, our observations (Fig. 10B) can be seen
to support the idea that the influence of valley geometry on tides leaves
a distinct sedimentary record; else, they reflect the control of present-
day mean tidal range at the shoreline on incised-valley-fill width.
However, this interpretation carries uncertainty, as the present-day
incised-valley-fill geometry is in part used as a proxy for the valley
geometry through time, ignoring temporal variations in valley
geometry (cf. Blum and Price, 1998; Rodriguez et al., 2008; Blum
et al., 2013).

No or weak correlations are seen between the proportion of wave-
dominated elements in IVFs and parameters that describe the IVF
geometry. However, detailed descriptors of the planform shape of the
valley and of the morphology of the bedrock, which might affect the
extent to which an IVF could be exposed to wave action, were not
considered in this work.

4.2.4.4. Control of basin physiography on hydrodynamic conditions. Other

authors (Healy and Werner, 1987; Healy and Harada, 1991b) have
proposed that, compared to open-ocean-facing settings, the coasts of
enclosed or semi-enclosed seas generally experience lower
hydrodynamic energy. This is especially true for coasts characterized
by offshore topographic sills that can shelter the shorelines. Enclosed or
semi-enclosed seas are generally characterized by more restricted fetch,
lower wave heights, and lower tidal range. Our observations (Fig. 11)
are compatible with the idea that the type of coastal physiography and
size of the sea into which a valley discharges could act as controls on
the internal fills of coastal-plain incised valleys, since variations in the
record of dominant depositional processes are seen in the valley fills
that are consistent with differences in hydrodynamic conditions across
these settings.

Wave energy at the shoreline depends largely on deep-water wave
energy, the water depth of the basin and the frictional attenuation that
occurs on the shelf (Reading and Collinson, 1996). This frictional at-
tenuation is determined by the gradient of the sea floor, which itself is a
function of the nature and width of the shelf and the rate and type of
sediment supply to the nearshore zone. Positive correlations between
mean wave height and shelf-break depth and between the proportion of
wave-dominated elements in IVFs and the average shelf gradient
(Table 6) could be explained by the fact that the shorelines of shallower
shelves tend to be subject to lower wave energy.

5. Conclusions

A database-driven statistical analysis of 87 late-Quaternary incised-
valley fills has been undertaken, to assess the general validity of clas-
sical facies models that remain widely employed as predictive tools, and
investigate the relative importance of different controls on the strati-
graphic organization of incised-valley fills. The main findings are
summarized as follows.

1 The general stratigraphic organization of the studied coastal-plain
incised-valley fills is consistent with what represented in classical
facies models, but significant variability in stratigraphic archi-
tectures is seen.

2 Compared to the studied coastal-plain valleys, the internal fills of
valleys incised into modern shelves are characterized by a higher
proportion of lowstand deposits and a higher proportion of open-
shelf sediments.

3 Compared to valley fills hosted on passive margins, a higher pro-
portion of fluvial deposits, a lower proportion of central-basin es-
tuarine deposits and thicker central-basin estuarine deposits are
typically observed in incised-valley fills hosted on active margins;
this is interpreted as reflecting a control by the tectonic setting of
continental margins on the internal fills of incised valleys, through
its effects on basin physiography, rates and mode of sediment
supply, and nature of sediment load.

4 The thickness or proportion of LST deposits is found to be positively
correlated with incised-valley-fill dimensions, likely because of the
role of the size of catchment areas and water discharge in dictating
the scale of lowstand fluvial systems.

5 Positive scaling shown by the thickness of fluvial, bayhead-delta,
and estuarine bay/lagoon with incised-valley-fill dimensions and
valley drainage-basin area suggests that the valley catchment size
controls the scale of these deposits, possibly through effects on
water discharge, sediment supply, sediment-load type, and incised-
valley geometry.

6 Positive correlations between the thickness and proportion of bar-
rier-complex deposits within incised-valley fills versus present-day
average shelf gradient indicate a possible control by the physio-
graphy of the shelf on the establishment and preservation of barrier-
island environments within incised valleys.

7 The gradient of the shelf may also exert an indirect control on the
development and preservation of the geometry of estuarine muds in

Fig. 16. Schematic diagrams illustrating the evolution of valley width in re-
sponse to wave ravinement (A) and tidal ravinement (B). Red dashed line de-
notes the pre-ravinement valley shape.
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cross-shelf valley fills by partly determining depths of incisions and
resultant in-valley accommodation.

8 Correlations between incised-valley-fill width versus present-day
mean tidal range or mean wave height at the shoreline indicate that
tidal dynamics at the shoreline may control the widening of the
incised valleys. Correlation between the proportion of tide-domi-
nated elements within incised-valley fills and incised-valley-fill
width might arise because of reciprocal controls between hydro-
dynamic conditions and valley geometry.

9 Differences in proportion of elements recording different process
regimes are seen between valley fills from open-ocean settings and
those from enclosed or semi-enclosed seas, which are consistent
with differences in hydrodynamic conditions across these settings.

This study is important because it highlights the complexity of the
internal sedimentary fills of incised valleys to a level of detail that is not
accounted for by the general stratigraphic organization depicted by
widely employed traditional facies and sequence-stratigraphic models.
This work highlights the role of continental-margin type, drainage-
basin area, valley geometry, basin physiography and shoreline hydro-
dynamics – in addition to the role of relative sea-level stage – in con-
trolling the internal architecture of incised valley fills.

These results can be applied to guide interpretations and attempt
predictions of the architecture of ancient paralic successions, in the
subsurface and in outcrop. However, all the studied examples are from
the late Quaternary, and record relatively high-frequency, high-ampli-
tude changes in sea level: care must therefore be taken when attempting
to use these examples as templates for interpreting or predicting the
stratigraphic architecture of ancient systems, especially for those de-
veloped under greenhouse climates and subject to modest sea-level
fluctuations.
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